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Abstract 
The study is focused on calibration of fatigue design wind pressure for sign, luminaire and 
traffic signal support under natural and truck-induced wind gusts.  The design of the support 
structures in Canada is governed by the current Canadian Highway Bridge Design Code 
(CHBDC).  However, the code is not specific on the fatigue design wind pressure (natural or 
truck-induced) for these structures.  Although there are equivalent static natural and truck-
induced wind pressures for fatigue design recommended in the provisions of the American 
Association of State Highway and Transportation Officials (AASHTO), none of relevant 
studies discussed the implied reliability by using these design pressures based on Canadian 
practice.  Code calibration analyses of the sign, luminaire and traffic signal support under 
natural and truck-induced wind gusts were carried out in the study.  For the calibration, the 
support structures were approximated by a linear elastic single-degree-of-freedom (SDOF) 
system, structural response with selected natural frequencies, damping ratios under natural 
and truck-induced wind gusts was estimated.  A target reliability index of 4.25 for a service 
period of 75 years was adopted for the calibration.  The calibration results were used to 
recommend fatigue design wind pressure for sign, luminaire and traffic signal support under 
both natural and truck-induced wind gusts.  The recommended values could be directly 
adopted by the CHBDC. 
 
Key words: fatigue, sign support structure, natural wind gusts, truck-induced wind gusts, 
code calibration  
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Chapter 1  Introduction 
1.1  Background 
Sign, luminaire, and traffic signal support structures as shown in Figure 1.1 play a 
significant role in the traffic management system.  Their safe and intended performance is 
necessary to maintain adequate traffic flow and safety.  However, there are documented 
failures of these systems due to fatigue in many locations in the United States.  Three 
locations including mast-arm-to-column connection, column-to-base-plate connection and 
anchor bolts were reported most occurrence of fatigue damage or failure (Hartnagel and 
Barker 1999, Chen et al. 2001, Dexter and Ricker 2002). 
  
A 
a) Sign support structure (extracted from Google map)   b) Luminaire support structure 
 
  
c) Traffic signal support and its mast-arm-to-column connection, column-to-base-plate 
connection and anchor bolts 
Figure 1.1 Typical sign, luminaire and traffic signal support structure. 
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The causes of fatigue failure are attributed to galloping, vortex shedding, natural wind 
gusts and/or truck-induced wind gusts (Kaczinski et al. 1998, Chen 2001, Li et al. 2006, 
Letchford and Cruzado 2008).  Galloping is an aeroelastic phenomenon caused by the 
interaction between the wind flow and structural motion (Simiu and Scanlan 1996).  It often 
occurs in cantilevered sign and signal support structures (Kaczinski et al. 1998).  Vortex 
shedding is caused by the regular vortices that form alternately on the opposite sides of a 
structural element due to smooth wind flow, which could produce resonant oscillations in a 
plane normal to the direction of wind.  It only affects structures with large dimensions and 
structures with tapered sections are much less susceptible than those with prismatic sections.  
There is no consensus on whether the traffic signal structures are susceptible to vortex 
shedding (Kaczinski et al. 1998, Letchford and Cruzado 2008).  The passing traffic can 
induce back-and-forth (or out-of-plane) bending as well as up-and-down (or in-plane) 
bending of the mast arm of cantilever sign support structures.  Whether the design should 
consider the truck-induced wind pressures in the vertical or horizontal direction was 
discussed in Kaczinski et al. (1998), Hartnagel and Barker (1999), Chen et al. (2001), and 
Letchford and Cruzado (2008).  Sign and traffic signal support structures are susceptible  to 
natural wind and truck-induced wind gusts  
The studies for the natural wind gusts for the support structures (i.e., sign, luminaire, and 
traffic signal support structures) given by Kaczinski et al. (1998) and Johns and Dexter (1998) 
have lead to the recommended fatigue design wind load implemented in the AASHTO (2001, 
2009).  In deriving the recommendation for the fatigue design wind load, it was assumed that 
the use of "infinite-life" approach (i.e., 0.01% or fewer cycles exceeding the constant-
amplitude fatigue limit (CAFL)) for fatigue design is adequate, and stress range can be 
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estimated based on the assumption that the response due to natural wind gusts can be 
considered as a constant amplitude sinusoid.  However, no verification has been carried out 
to investigate if the estimated stress range in such a manner is adequate; the implied 
reliability by using the mentioned approach is unavailable in the literature. 
The experimental studies of the truck-induced wind pressure were carried out by Creamer 
et al. (1979), Edwards and Bingham (1984), Cook et al. (1996, 1997) and John and Dexter 
(1998).  The study by Cook et al. (1996) was extensive; they instrumented pressure 
transducers to a bridge overpass to assess the truck-induced wind pressure by considering the 
highway overhead variable message sign (VMS), which has a large surface area parallel and 
perpendicular to traffic.  Pressures induced by trucks passing the bridge sign structure were 
measured.  Time histories of the truck-induced wind pressure were recorded at different 
heights and for different truck speeds.  Although John and Dexter (1998) did not suggest an 
impulse loading function for the truck-induced wind pressure, they indicated that the truck-
induced wind pressure to the front of the structure (i.e., horizontal loading) can be neglected 
for the fatigue design.  An equivalent static truck-induced wind pressure for fatigue design 
was recommended in the AASHTO (2001, 2009).  However, again, none of the above 
mentioned studies discussed the implied reliability by using this design pressure. 
Although the design of the support structures in Canada is governed by the CHBDC 
(CAN/CSA S6-06 2006), the code is not specific on the fatigue design wind pressure (natural 
or truck-induced) for these structures.  Therefore, there is a need to carry out a reliability-
based design code calibration focused on the support structures for the CHBDC and to 
suggest a fatigue design requirement for their design. 
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1.2  Objectives 
The objectives of the study are to:  
1) Investigate the stress range distribution for the support structures under natural wind 
gusts; assess the statistics of hourly-mean wind speed applicable to Canada; estimate 
the implied fatigue reliability if the infinite-life approach used to develop fatigue 
design wind load in the AASHTO (2001) is considered; and recommend a reliability-
based fatigue design wind pressure for the CHBDC. 
2) Develop recommendations on the equivalent static truck-induced wind pressure for 
fatigue design that could be implemented in the CHBDC. 
1.3  Thesis outline 
This thesis is prepared in an Integrated-Article format as specified by the School of 
Graduate and Postdoctoral Studies at the University of Western Ontario, Canada.  Chapter 1 
is the basic introduction of the entire thesis. The main body of the thesis contains two parts, 
Chapters 2 and 3.  Chapter 2 is about estimating fatigue design load for overhead sign 
support structures under natural wind gusts. Chapter 3 describes the calibration of fatigue 
design load for overhead sign support structures under truck-induced gusts.  Chapter 4 
provides the summary of the thesis study, including conclusions of the thesis and 
recommendations for the future work. 
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Chapter 2  Estimating fatigue design load for sign, luminaire and traffic signal support 
under natural wind gusts 
2.1  Introduction  
The causes of fatigue failure of sign, luminaire, and traffic signal support structures are 
attributed to galloping, vortex shedding, natural wind gusts and/or truck-induced wind gusts 
(Kaczinski et al. 1998, Chen 2001, Li et al. 2006, Letchford and Cruzado 2008).  The studies 
for the natural wind gusts for the support structures (i.e., sign, luminaire, and traffic signal 
support structures) given by Kaczinski et al. (1998) and Johns and Dexter (1998) have lead to 
the recommended fatigue design wind load implemented in the AASHTO (2001, 2009).  In 
deriving the recommendation for the fatigue design wind load, it was assumed that the use of 
"infinite-life" approach (i.e., 0.01% or fewer cycles exceeding the constant-amplitude fatigue 
limit (CAFL)) for fatigue design is adequate, and stress range can be estimated based on the 
assumption that the response due to natural wind can be considered as a constant amplitude 
sinusoid.  The consideration of 0.01% or fewer cycles exceeding the CAFL has lead 
Kaczinski et al. (1998) and Johns and Dexter (1998) to adopt the (1-0.01%)-quantile of the 
hourly-mean wind speed, U0.01%; the assumption of constant sinusoid response has lead these 
studies to consider that the stress range equals 2.8 times the standard deviation of the 
response due to fluctuating wind.  This assumption implicitly ignores the potential effect of 
damping.  By combining these, the basic wind pressure is estimated to be 250 (Pa) (for U0.01% 
equal to 17 (m/s)).  However, to our knowledge, no verification has been carried out to 
investigate if the estimated stress range in such a manner is adequate; the implied reliability 
by using the mentioned approach is unavailable in the literature. 
Besides the loading, the parameters and the constant amplitude fatigue limit (CAFL) for 
the fatigue design in the AASHTO (2001) are taken from the AASHTO Standard 
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specifications for highway bridges (AASHTO 1996), which are used for redundant load path 
structures.  Letchford and Cruzado (2008) indicated that such an attitude may be due to the 
fact that the adopted values are for more than 2 million stress cycles, and that perhaps 
Kaczinski et al. (1998) felt that “the ‘nonredundant’ values were too conservative for 
cantilever supporting structures of signs, signals, and lighting.”  Moreover, the potential 
effect of the uncertainty in the structural fatigue capacity is not explicitly discussed in 
recommending the fatigue design wind load for the support structures. 
The above mentioned studies are focused on the development of the fatigue design 
practice for the support structures in the AASHTO.  Although the design of the support 
structures in Canada is governed by the CHBDC (CAN/CSA-S6-06 2006), the code is not 
specific on the fatigue design wind pressure for these structures.  Therefore, there is a need to 
carry out a code calibration analysis focused on the support structures for the CHBDC and to 
suggest a fatigue design requirement for their design. 
The main objectives of this study that addresses this need, are to: investigate the stress 
range distribution for the support structures under natural wind gusts; assess the statistics of 
hourly-mean wind speed applicable to Canada; estimate the implied fatigue reliability if the 
infinite-life approach used to develop fatigue design wind load in the AASHTO (2001) is 
considered; and recommend a reliability-based fatigue design wind pressure for the CHBDC.  
The analysis procedure and results leading to these objectives were described in the 
following sections. 
2.2  Stress range distribution of simplified structural system under stochastic wind load 
2.2.1  Wind statistics and wind spectrum 
Wind is characterized by mean and fluctuating components for the purpose of estimating 
  
9 
 
the structural responses.  Studies related to the Canadian structural design codes under wind 
load for the ultimate limit state are focused on the statistics of annual maximum hourly-mean 
wind speed rather than the statistics of the hourly-mean wind speed, although for the fatigue 
limit state the latter is required.  To obtain an overview of the statistics of the hourly-mean 
wind speed for Canadian sites, historical wind speeds recorded at 14 meteorological stations 
across Canada are considered.  The stations, which are shown in Table 2.1 and Figure 2.1, 
are located in the national capital and the capital cities of each province and territory. 
 
 
 
Figure 2.1  Selected Canadian meteorological stations at major airports. 
 
Wind speed records for the considered stations are obtained from the Environment Canada 
(EC) HLY01 digital archive.  The archive has been maintained by EC since January 1953.  
The reported wind speed in the archive consists of one- or two-minute average wind speed  
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Table 2.1  Selected Canadian meteorological stations and estimated return period values of 
hourly mean wind speed. 
 
Location 
 
Prov. 
Climate 
ID 
# of 
Years 
Statistics of the hourly-mean wind speed 
Mean 
(m/s) 
St.dev. 
(m/s) cov α β (m/s) 
Victoria Int'l A BC 1018620 46 3.01 2.27 0.75 1.339 3.28 
Whitehorse A YT 2101300 47 3.74 2.85 0.76 1.327 4.07 
Yellowknife A NT 2204100 46 3.79 2.29 0.60 1.702 4.25 
Iqaluit A NU 2402590 46 4.13 3.46 0.84 1.199 4.45 
Edmonton Int'l A AB 3012205 50 3.47 2.39 0.69 1.476 3.84 
Regina Int'l A SK 4016560 46 5.32 3.06 0.58 1.796 5.98 
Winnipeg Int'l A MB 5023222 46 4.93 2.85 0.58 1.788 5.54 
Ottawa Int'l  A ON 6106000 50 4.32 2.70 0.63 1.639 4.82 
Toronto Int'l A ON 6158733 47 4.76 3.10 0.65 1.570 5.30 
Quebec Int'l A QC 7016294 42 4.14 2.90 0.70 1.450 4.57 
Fredericton A NB 8101500 42 3.70 2.66 0.72 1.412 4.07 
Halifax Int'l A NS 8202250 50 5.14 2.90 0.56 1.837 5.79 
Charlottetown A PE 8300300 40 5.01 2.74 0.55 1.898 5.64 
St. John's A NL 8403506 34 6.87 3.86 0.56 1.844 7.73 
 
recorded just before the top of the hour, or ten-minute average wind speed recorded just 
before the top of the hour.  To obtain the wind speed for the standard condition that is 
referred to in most design codes (i.e., open terrain at 10 m height), the wind speed 
measurements at each station were adjusted for anemometer height and for exposure or 
roughness corrections.  For the height adjustment, the power law with an exponent of 1/7 
(NRCC 2010) is employed.  Exposure or roughness corrections considering the surrounding 
terrain conditions are based on a simplified version of the method recommended in ESDU 
(2002) (Mara et al. 2013).  This simplification uses a single correction factor for all 
directions, rather than wind direction-dependent correction factors.  The assessment of the 
uncertainty due to anemometer type and instrumentation are not considered because of the 
lack of detailed information.  It is considered that the adjusted wind speed is representative of 
hourly-mean wind speed; it could be conservative but by less than 5% (Hong et al. 2013).  
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The sample mean and standard deviation of the (adjusted) hourly-mean wind speed U for the 
considered 14 stations are shown in Table 2.1 as well.  The results show the mean varying 
from 3 to 6.9 (m/s).  The calculated values of the coefficient of variation (cov) of U, vU, are 
within 0.55 to 0.84. 
Also, the data are used to fit the Weibull distribution, )(UFU , 
( )( )αβ−−= /exp1)( UUFU , (2.1) 
where α and β are the distribution parameters.  The fitted distributions using the method of 
moments are illustrated in Figure 2.2 together with the empirical cumulative distribution; the 
obtained distribution parameters are depicted in Table 2.1.  Since the use of the (1-0.01%)-
quantile of U, U0.01%, for the fatigue design is suggested by Kaczinski et al. (1998), the 
estimated U0.01% using the fitted distribution is tabulated in Table 2.2 and compared with that 
obtained from the empirical cumulative distribution.  To better see the difference, the 
comparison plot for U0.01% using the fitted distribution and using Equation (2.3) is shown in 
Figure 2.3.  The comparison shows good agreement except for Whitehorse and Iqaluit, where 
the fitted distributions do not provide adequate in the upper region of the empirical 
distribution (see Figure 2.2).  If only the upper tail of the distributions is of interest, the use 
of least-squares method to fit the upper tail region can be considered, in such a case, the cov 
values estimated from the fitted distribution are smaller than those calculated directly from 
the samples.  
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(To be continued) 
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Figure 2.2  Fitted distributions to the hourly-mean wind speed records for 14 meteorological stations. 
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As the hourly-mean wind speed follows the Weibull distribution, the annual maximum 
hourly-mean wind speed, UAH, follows the Gumbel distribution, )(xFGU  (Jordaan 2005), 
( )( )nnAHAHGU auuuF /)(expexp)( −−−= , (2.2a) 
where, αβ= /1)(ln nun , and αβ=
−α /)(ln 1/1nan , (2.2b) 
uAH is the value of UAH, and n equal to 8766 is the number of hours in a year.  The mean and 
standard deviation of the Gumbel variate defined in Eq. (2.2a) are nn au 5772.0+  and 
na2826.1 .  The estimated mean and standard deviation of UAH in this manner compare 
favourable to those directly obtained from the samples of the annual maximum wind as 
shown in Table 2.2, at least for 12 out of 14 stations. 
 
Table 2.2  Comparison of estimated mean and standard deviation based on Eq. (2.2) and from 
those directly obtained from the samples of the annual maximum wind. 
Location of 
Meteorological 
station 
Analysis based on hourly-mean wind 
speed (m/s) 
Analysis based on annual 
maximum hourly-mean wind 
speed (m/s) 
U0.01%, 
using 
fitted dist. 
U0.01% 
(from the 
sample) 
Mean, 
mUAH 
St. Dev. 
σUAH 
U0.01%, 
using Eq. 
(2.3) 
Mean, 
mUAH 
St. Dev. 
σUAH 
Victoria Int'l A 17.21 17.63 17.84 1.80 16.17 16.91 2.11 
Whitehorse A 21.69 16.28 22.49 2.28 14.90 15.63 2.09 
Yellowknife A 15.65 14.95 16.10 1.29 13.77 14.37 1.72 
Iqaluit A 28.33 23.21 29.48 3.30 20.44 21.74 3.72 
Edmonton Int'l A 17.28 17.70 17.84 1.64 16.48 17.19 2.05 
Regina Int'l A 20.59 21.56 21.15 1.61 20.26 21.05 2.27 
Winnipeg Int'l A 19.17 19.69 19.69 1.50 17.97 18.72 2.17 
Ottawa Int'l  A 18.69 18.61 19.24 1.60 17.73 18.47 2.14 
Toronto Int'l A 21.82 21.50 22.49 1.95 20.60 21.30 2.02 
Quebec Int'l A 21.13 19.33 21.84 2.04 18.33 19.05 2.08 
Fredericton A 19.59 16.79 20.26 1.94 19.63 20.69 3.06 
Halifax Int'l A 19.39 21.93 19.91 1.48 19.63 20.69 3.06 
Charlottetown A 18.18 20.28 18.64 1.34 19.05 19.85 2.30 
St. John's A 25.78 26.01 26.46 1.96 24.43 25.52 3.14 
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Figure 2.3  The comparison plot for U0.01% using fitting distribution and Equation (2.3). 
 
Since the Gumbel distribution is the preferred distribution for UAH, and the statistics of 
UAH from 235 meteorological stations distributed over Canada are readily available (Hong et 
al. 2013) or can be inferred from NRCC (2010).  The relations between Eqs. (2.1) and (2.2a) 
can be used to aid the evaluation of the required quantiles of U for any location within 
Canada.  For example, if the estimation of U0.01% is needed, it can be shown that U0.01% 
corresponds to the value of UAH with the exceedance probability of 0.5838 (=1-(1-0.01%)8766) 
(i.e., a return period of 1.7).  This exceedance probability and the consideration that UAH is a 
Gumbel variate lead to the required wind speed, U0.01%, given by, 
( )UAHUAH vmU 0.347410.01% −×= , (2.3) 
where mUAH and vUAH denote the mean and cov of UAH, respectively.  U0.01% is between mUAH 
and the mode of UAH, ( )UAHUAH vm 45.01−× .  For comparison purpose, the estimated U0.01% 
by using Eq. (2.3) and mUAH and vUAH obtained from the samples of UAH are also presented in 
Table 2.2.  The table shows that the U0.01% estimated in such a manner agrees well with that 
directly obtained from the empirical cumulative distribution, especially considering the 
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uncertainty in wind records due to the sampling error, climate variability, the history of 
anemometer height and siting, and the wind profile over the height above the ground surface 
level. 
It is noteworthy that the statistics of UAH reported in Hong et al. (2013) for 235 
meteorological stations across Canada (Hong et al. 2013) indicate that vUAH is always less 
than 0.3 and with an average value of 0.138.  Eq. (2.3) indicates that the difference between 
U0.01% and mUAH is less than 5% for vUAH < 0.138 and less than 10% for vUAH < 0.3.  The 
estimated U0.01% using the statistics reported in Hong et al. (2013) results in that U0.01% ranges 
from 10 to 35.6 (m/s) (i.e., 36 to 129 km/h) with an average value of 17.2 (m/s) (i.e., 62 
km/h).  Interestingly, this average value agrees well with 17 (m/s) suggested by Johns and 
Dexter (1998) for several sites in the United States and used to estimate the fatigue design 
wind pressure.  Moreover, if Up for p other than 0.01% (i.e., the (1-p)-quantile of U) is 
required, one can estimate α and β based on mUAH and vUAH, and calculated Up according Eqs. 
(2.1) and (2.2).  For example, U0.5% estimated in such a manner is shown in Figure 2.4, 
indicating that U0.5% is spatially varying and ranges from 3.6 to 20.9 (m/s) with an average of 
9.8 m/s. 
The fluctuating along-wind component is characterized by the power spectral density 
function (PSD), Su(f), where f (Hz) is the frequency.  Several PSD functions have been given 
in the literature (Simiu and Scanlan 1996), including the Davenport spectrum and the Kaimal 
spectrum.  These spectra were used for the support structures (Kaczinski et al. 1998, Foley et 
al. 2004, Hosch and Fouad 2009), and are included in this study.  The Kaimal spectrum is 
given by (Simiu and Scanlan 1996), 
( ) ( )
( )( )5/3
2
z/U501
z/U200
6
σS
ff
ff uu +
= , (2.4a) 
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a)  Spatial variation of the mean of annual maximum hourly-mean wind speed 
 
b) Spatial variation of (1-0.5%)-quantile of the hourly mean wind speed 
Figure 2.4  Spatial variation of the wind speed for open terrain at 10 m height.  Values shown 
are interpolated based on the statistics reported for 235 meteorological stations reported in 
Hong et al. (2013) using the ordinary kriging with nugget equal to zero. 
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where z (m) is the effective height above ground, the standard deviation of the along-wind 
fluctuation uσ  equals *6u , and  is the shear or friction velocity, f is the frequency.  In Eq 
(2.4a), U represents the wind speed at z (m) above the ground.  U equals ( ) )ln(z/z/ 0* ku , 
where z0 is the roughness length and k approximately equals 0.4, if the logarithmic profile of 
wind speed is considered (Simiu and Scanlan 1996).  Values of the roughness length are 
discussed in Wieringa et al. (2001) and available in design codes. 
The Davenport spectrum is given by (Simiu and Scanlan 1996), 
( )
( )( )4/32
22
u
u
)1201
1204
6
σ)(
Ufzf
UfzfS
+
= , (2.4b) 
where U in this equation represents the mean wind speed at z = 10 (m) height. 
2.2.2  Response under wind loading 
The wind drag force can be approximated by (Simiu and Scanlan 1996), 
AUu(t)ρCUAρCtF D
2
D +≈ 2
1)( , (2.5) 
ρ can be taken equal to 1.2929 kg/m3 for Canadian climate (NRCC 2010), CD is the drag 
coefficient, A (m2) is area exposed to wind, the wind speed U(t) consists of a mean wind 
speed component, U , and a fluctuating component u(t).  The approximation considers that 
the fluctuating wind velocity is smaller than the mean wind velocity.  The first term on the 
right hand side of Eq. (2.5) is called the static drag force, DF , (i.e., 
2
DD UAρCF 2
1
= ) and the 
second term is  the fluctuating or dynamic drag force, F tD ( )  (i.e., )()( tAUuρCtF DD =  which 
can be expressed as, 
∗u
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U
tuFtF DD
)(2)( = , (2.6) 
Consider that the support structure of interest can be approximated by a (generalized) 
linear elastic single-degree-of-freedom (SDOF) system.  Let r(t) denote the response of 
simplified system, such as the displacement x(t) or stress s(t).  Let R  denote the 
corresponding response due to DF .  The symbol R  is replaced by X  for the displacement 
and by S  for the stress, respectively.  Define the normalized response y(t) as, 
Rtrty /)()( = , (2.7) 
Use of y(t) is advantageous because StsXtxRtrty /)(/)(/)()( ===  for a linear elastic 
system, and the analysis for the nondimensional quantity y(t) can be directly applied to the 
displacement and stress.  It can be shown that the PSD of y(t), Sy(f), is given by (Simiu and 
Scanlan 1996), 
( ) ( ) ( )fS
U
fHfS uy
2
2 2





= , (2.8) 
where ( ) ( )( ) ( )( )2222 2ξ/11/ nn fffffH +−= , ξ is the damping ratio, fn (Hz) is the natural 
vibration frequency of the structure.  Note that rather than using 2)H( f , Hosch and Fouad 
(2009) used the transfer function ( )( ) ( )( ) ( )( )2222 2ξ/12ξ1 nnn ffffff +−+  which is 
correct for evaluating the absolute acceleration of the SDOF system under the ground 
motions.  Since the damping ratio is very small, this alone introduces negligible error.  Sy(f) is 
a function of f and depends on four or five parameters depending on the considered PSD 
function (i.e., ξ, fn, σu, U and z).  This makes the visualization of the overall behaviour of Sy(f) 
(in terms of f) difficult.  To better appreciate the behaviour of Sy(f) and simplify the 
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parametric analysis, let /fz Uζ =  denote the reduced frequency, and UI uu /σ=  denote the 
turbulence intensity of the longitudinal fluctuation.   Eq. (2.8) can be re-written as, 
( ) ( )ζ
dζ
)(ζ ζ,
2
ζ, y~uyy SI
dffSS == , (2.9) 
where, 
( )( ) ( ) 3/5222,~ )501(3
2002
/2/1
1)(
ζ+
×
ζξζ+ζζ−
=ζζ
nKnK
yS , (2.10) 
and /nK nf z Uζ =  for the Kaimal spectrum, and 
( )( ) ( )
( )
( )( ) 3/42
2
222,
~
12013
12042
/2/1
1)(
ζ+
ζ××
ζξζ+ζζ−
=ζζ
nDnD
yS , (2.11) 
10 /nD nf Uζ =  for the Davenport spectrum, (in this case 10 /f Uζ = ).  The normalized 
frequency is Ufz /ζ =  for Eq. (2.10), and zf01ζ =  for Eq. (2.11).  The use of 2, /)( uy IS ζζ  
(i.e., )(,~ ζζyS ) is advantageous, since it depends only on two parameters ξ and nζ , where 
nKn ζ=ζ  and nDn ζ=ζ  for Eqs. (2.10) and (2.11), respectively, represent the reduced natural 
frequency of vibration.. 
 
  
Figure 2.5  Power spectral density function of y(t) ( )(,~ ζζyS = 2, /)( uy IS ζζ ) for a few selected 
cases. 
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An illustration of )(,~ ζζyS  (i.e., 
2
, /)( uy IS ζζ ) is given in Figure 2.5.  The differences in 
)(,~ ζζyS  shown in Figures 2.5a and 2.5b arise from the differences in the Kaimal spectrum 
and the Davenport spectrum.  The plots in the figures indicate that there is a distinct peak for 
ζ near the natural vibration frequency which is due to the resonant response.  The magnitude 
of this peak is greater than the values for the frequency away from ζn, representing the 
influence of the background excitation.  The results suggest that the vibration may be 
represented predominantly by a constant amplitude sinusoid; however, the contribution for ζ 
away from ζn may not necessarily be ignored. 
The standard deviation of y(t), σy, is,  
( )
1/2
0
σ 





= ∫
∞
dffS yy , (2.12) 
Substituting Eq. (2.9) into Eq. (2.12) results, 
( )nyuy I ζξσ=σ ,~ , (2.13) 
where ( )
2/1
0
,~~ )(, 





ζζ=ζξσ ∫
∞
ζ dS yny .  This shows that σy is directly proportional to the 
turbulence intensity Iu. 
Since  yr Rσ=σ for the linear elastic system, resulting in, an equivalent static wind 
pressure qE that produce a response equal to σr is given by, 
( )nyuyE IQQq ζξσ=σ= ,~ , (2.14) 
where 2/2UCQ Dρ=  represents the static drag pressure. 
For ranges of values of ξ and ζn, the calculated ( )ny ζξσ ,~  by using Eqs. (2.12) and (2.13) 
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is shown in Figure 2.6.  The figure indicates that ( )ny ζξσ ,~  reaches a maximum value for ζn 
within 0.01 and 0.1.  It also shows that ( )ny ζξσ ,~  for the Davenport spectrum can be larger or 
smaller than that for the Kaimal spectrum depending on the value of the reduced frequency, 
reflecting the differences in the adopted PSDs of the fluctuating wind. 
 
 
Figure 2.6  Standard deviation of the normalized response ( ( ) uyny I/,~ σ=ζξσ ) in terms of 
reduced natural frequency of vibration. 
 
The results presented in the figure and Eq. (2.14) can be used to estimate qE.  For example, 
consider that a structure can be modeled with ξ = 2% and fn = 2 (Hz) and is subjected to 
hourly-mean wind speed of 15, 17 or 20 (m/s).  Furthermore, consider that the exposure 
height z equals 10 (m), and k = 0.4 and z0 = 0.03 (m) for open country terrain (Wieringa et al. 
2001).  Using information in Figure 2.6, the calculated qE is shown in Table 2.3.  qE for the 
Davenport spectrum is 18% less than that for the Kaimal spectrum. 
Also, values corresponding to 22 qE, representing the fatigue design wind pressure, 
according to Kaczinski et al. (1998), Johns and Dexter (1998), and Hosch and Fouad (2009), 
are shown in Table 2.3.  It can be seen from the table that if the Davenport spectrum is used, 
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22 qE for U = 17 (m/s) equals 248 (Pa) that is very close to the fatigue design wind pressure 
of 250 (Pa) suggested in the AASHTO (2001).  This is expected since U = 17 (m/s), ξ = 2% 
and fn = 2 (Hz) are similar to the conditions considered to develop the provision in the 
AASHTO (2001).  The factor 22  is derived based on the assumption that the wind induced 
response can be thought as a constant amplitude sinusoid whose root mean square (RMS) 
equals σy, resulting in that the peak-to-peak (i.e., range) equals 22 σy.  The verification of 
its adequacy, which is not available in the literature and is presented in the following sections, 
must be carried out for this simplified analysis of the stress range to be valid. 
 
Table 2.3  Estimated equivalent static pressure from random vibration analysis for a system 
with ξ = 2%, fn = 2 (Hz), and considering CD = 1,  z = 10 (m), z0 = 0.03 (m) for open country 
terrain, k = 0.4, and T = 3600 (s). 
 Kaimal spectrum Davenport spectrum 
U (m/s) 15 17 20 15 17 20 
ζn = ζnK or ζnD 1.33 1.18 1.00 1.33 1.18 1.00 
( )ny ζξσ ,~  from Figure 
2.6 
3.21 3.28 3.34 2.74 2.78 2.86 
Iu ( )ny ζξσ ,~  0.54 0.55 0.56 0.46 0.47 0.48 
qE (Pa) 78.8 103.4 145.8 67.2 87.6 124.6 
22 qE (Pa) 223 292 412 190 248 352 
 
Also, the results shown in Table 2.3 indicates that by using the wind pressure for U = 17 
(m/s) as the basis, the wind pressure for other values of U can be approximated by 
250×(U/17)2 and ξ = 2% if the Davenport spectrum is considered.  This perhaps is the reason 
for the format used in the AASHTO (2001) to calculate the fatigue wind pressure, which 
does not consider the uncertainty in the wind and fatigue capacity.  The ratio U/17 in the 
above representing the ratio of U0.01% values differ from the ratio of the means of the hourly-
mean wind speed that is referred to in AASHTO. 
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2.2.3  Statistics of the normalized response 
Assessment of the stress range and stress cycles is needed to calibrate fatigue design wind 
pressure.  Kaczinski et al. (1998) (see also Johns and Dexter 1998) made simplifying 
assumptions to avoid the assessment.  More specifically, they considered that:  
1)  Infinite life resulted if the stress range of 0.01% or fewer of the cycles exceeds the CAFL; 
2) Wind loading in each hour is stationary and the response to the wind is dominated by the 
resonant response. The (effective) stress range sLS is to be estimated using fatigue design 
wind pressure; and, 
3) The fatigue design wind pressure equals 22 qE (an equivalent static wind pressure), 
where qE is evaluated using U0.01%. 
Although these assumptions are considered by others (Johns and Dexter 1998, Hosch and 
Fouad 2009), the adequacy of these assumptions has not been evaluated in terms of stress 
range distribution and implied fatigue reliability. 
The assessment of the stress range distribution can be carried out by solving the equation 
of motion in time domain for simulated (fluctuating) of wind speed.  Alternatively, since the 
PSD of the normalized response y(t), Sy(f), is given in Eqs. (2.8) to (2.10), the normalized 
response y(t) can be directly simulated using the spectral representation method (Shinozuka 
1987).  This is efficient and leads to, 
)(~)( τ= yIty u , (2.15a) 
where, 
( )ii
N
i
iySy θ+τπζ×ζ∆ζ=τ ∑
=
ς 2cos)(2)(~
1
,~ , (2.15b) 
in which the reduced frequency ζ∆−=ζ )2/1(ii , ∆ζ is a selected constant frequency interval, 
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τ is the transformed time scale that equals (U/z)t, and θi is a uniformly distributed random 
variable between 0 to 2π.  Since y(t) is directly proportional to that of )(~ τy , only an 
assessment of the distribution of the range (i.e., peak-to-peak) of )(~ τy , Ry~ , which depends on 
ξ and nKζ  or ξ and nDζ , needs to be carried out.  The number of cycles )(~ τy  and Ry  can be 
estimated by applying the rainflow algorithm (Downing and Socie 1982) to )(~ τy . 
Using the above procedure, samples of )(~ τy  for ξ = 0.01 and ζn = 1.18 are obtained and 
shown in Figures 2.7a and 2.7b; their corresponding histograms of Ry~  are presented in 
Figures 2.7c and 2.7d.  Comparison of the results for Kaimal spectrum and those for 
Davenport spectrum indicates that the shape of the stress range histogram for the considered 
spectra is similar.  This can be explained by noting that the PSD functions of the fluctuating 
wind are flat for ζ near ζn = 1.18, and the differences in the histogram are likely caused by 
the background component of the response.  To better appreciate the probability distribution 
of Ry~ , ( )Ry~ y~F R , sorted samples of Ry~  are plotted on Weibull paper in Figures 2.7e and 2.7f.  
Figure 2.7e shows that the stress range can be modeled as a Weibull variate (see Eq. (2.1)) 
since the empirical distribution depicted on Weibull paper follows closely to a straight line.  
The cov of Ry~ , Ry~v , equals 0.60.  The total number of stress cycles per τ = 3600, N1, equals 
4235.  Moreover, the mean of Ry~  is about 2.2 times ( )ny ζξσ ,~ , that is smaller than 
( )ny ζξσ ,22 ~  (i.e., ( )ny ζξσ ,8.2 ~ ).  The probability that Ry~  is greater than ( )ny ζξσ ,8.2 ~  is 
about 25%.  Similar observations can be made from Figure 2.7f, which are for the Davenport 
spectrum.  This indicates that the assumption that the response due to natural wind gusts can 
be represented by a constant amplitude sinusoid with stress range equal to 22  times of the 
  
26 
 
RMS of the response is inadequate for estimating the stress range. 
 
 
 
 
 
Figure 2.7  Simulated time histories and their corresponding stress range distribution for ξ = 
1%, and ζn = 1.18.  For comparison purpose, the same streams of random numbers are used 
for the simulation of time history shown in a) and b).  Left panels are for the Kamail 
spectrum and right panels are for the Davenport spectrum. 
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Figure 2.8  Estimated stress cycles and statistics of the stress range for ranges of ξ and ζn 
values.   
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concluded that the trends for the stress range that can be drawn from the analysis results are 
similar to those observed from Figure 2.7.  In all cases E(N1)τ (per τ = 3600) equals 3600ζn, 
which is expected.  The obtained ( )Ry~E , Ry~v  and ( )τRy~NE 31  are summarized in Figures 2.8. 
Comparison of the mean of Ry~  shown in Figures 2.8a and 2.8b to the ( )ny ζξσ ,~  values 
depicted in Figure 2.8 indicates that in all cases, the former is less than 2.5 times of the latter.  
The cov of Ry~  shown in Figures 2.8c and 2.8d is, in most cases, greater than 0.52 which 
corresponds the value for the Rayleigh variate. 
 
Figures 2.8e and 2.8f indicate that  for the ( )τ31 Ry~NE  for the Kaimal spectrum is about 2.3 
times of that for the Davenport spectrum if ζn > 1.0.  The results also show that ( )τRy~NE 31  can 
be treated as a constant for ζn > 1.0, and ( )( )τ31ln Ry~NE  and ln(ζn) are approximately linearly 
related for ζn < 0.05.  ( )τRy~NE 31 is sensitive to ξ.  If ζn is greater than 0.05, the ratio between 
( )τRy~NE 31  for other than ξ = 0.5% to that for ξ = 0.5%, ξR , is approximated by, 
475.1/0004.0 ξ=ξR .  (2.16)  
 
2.3  Reliability estimation for fatigue design and selection of design pressure 
2.3.1  Design consideration 
The statistics of Ry~  are used to define the statistics of the stress range S, because s(t) is 
directly proportional to y(t) (or )(~ τy ).  More specifically, the stress cycle equals the cycling 
rate for )(~ τy , N1 per τ = 3600, and S is given by, 
Ru y~IQCS = , (2.17) 
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where C is a factor transforming the static drag pressure to the corresponding stress. 
Consider design requirement to take fatigue into account in design is such that, 
srtpDSR FUCgC ≤




 ρ× 2
2
1 , (2.18) 
where Fsrt the CAFL for connection detail as shown in Table 2.4, and gSR is the factor taking 
into account the reliability requirement and the transformation of the resulting response to the 
stress range.  This fatigue design wind pressure format is similar to that recommended in the 
AASHTO (2001), except in the AASHTO p = 0.01% is used as the basis to recommend the 
static drag pressure (i.e., 2/2pUρ ) that equals 250 (Pa) for fatigue design (Johns and Dexter 
1998), and gSR is taken equal to 2.8. 
 
Table 2.4 Fatigue life constant and constant amplitude threshold stress range (i.e., Constant 
amplitude fatigue limit (CAFL)) (CHBDC 2000). 
Detail category Fatigue life constant,  γ  (CAFL), Fsrt, (MPa) 
A 8190×109 165 
B 3930×109 110 
B1 2000×109 83 
C 1440×109 69 
C1 1440×109 83 
D 721×109 48 
E 361×109 31 
E1 128×109 18 
M164 561×109 214 
M253 1030×109 262 
 
By taking the srt
2ρ
2
1 FUCgC pDSR =




×  in Eq. (2.18), 




= 2srt ρ2
1
pDSR UCgFC and 
substituting it into Eq. (2.17), and noting that 2/2UCQ Dρ= , the resulting equation is, 
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R
pSR
u y~
U
U
g
IFS
2
srt








= , (2.19) 
This equation effectively relates the stress range of a structure designed to the minimum 
fatigue design requirement.  The calibration of gSR and/or Up for code making is presented 
below.  However, as will be seen, for the analysis ( )3SNE T  is required, where NT denotes the 
total number of stress cycles to failure for variable stress range (for a service period of 75 
years, which is stipulated in the CHBDC (CAN/CSA-S6-06 2006)).  By using Eq. (2.19), this 
expected value can be expressed as, 
( )∫
∞




















××=
0
τ
3
1
63
srt3
T )(876675)( UdFz
Uy~NE
U
U
g
IFSNE UR
pSR
u , (2.20) 
where FU(U) is given in Eq. (2.1), ( )τRy~NE 31 that is a function of ξ and ζn, can be interpolated 
or extrapolated based on the results shown in Figure 2.8e and f, (U/z) inside the integral takes 
into account τ = (U/z)T, and 8766 is the (average) number of hours per year. 
2.3.2  Estimating reliability 
Both the linear-elastic fracture mechanics (LEFM) and the combination of S-N curve and 
Miner’s rule are often used to describe the fatigue damage accumulation (Fisher at al. 1997).  
Although the Miner’s rule-based approach cannot deal with the crack-size information, the 
estimated reliability based on Miner’s rule with the S-N curve and on the LEFM are similar 
(Zhao et al. 1994).  Since the S-N curve is used in design codes (AASHTO 1996, CHBDC 
2000), it is also considered in this study.  The use of the S-N curve and Miner’s rule results in 
the index D given by, 
( )BSNE
A
D T
1
′
= , (2.21) 
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where A’ and B are the fatigue-strength coefficient and exponent to be determined based on 
experimental results.  The use of the expected value of the fatigue load effect, BSNT , in Eq. 
(2.21) largely simplifies the reliability analysis;  Z can be expressed as, 
( ) ( )( )A/SNEDZ BT0 ′−= lnln , (2.22) 
where Z less than zero indicates failure, and D0 is a variable defining the allowable 
cumulative damage or the fatigue capacity of the structural component. 
Variables in Eq. (2.22) can be random.  D0 is uncertain because the experimental results 
suggest that a typical value of E(NTSB)/A’ ranges from 0.5 and 2.0 (Sobczyk and Spencer 
1992); it can be modelled as a lognormal variate with a mean of 1.0 and, vD0, of 0.3 
(Wirsching et al. 1987, Zhao et al. 1994).  The fatigue-strength exponent B can be treated as 
a deterministic variable, since it is relatively consistent and is considered to have a value of 
3.0 (AASHTO 1996 and CAN/CSA-S6-00, 2000).  A’ is modeled as a lognormal variate by 
Zhao et al. (1994); vA’, equal to 0.45 was considered by Wirsching et al. (1987).  Moreover, 
the fatigue strength curves presented in the AASHTO (1996) specification are based on the 
mean minus two standard deviations (Fisher at al. 1997).  This means that the design value of 
A’, denoted by γ shown in Table 2.4, is related to, mA’, (i.e., ( )AA vγ/m ′′ −= 21 ). 
By adopting the above probabilistic characterizations, it can be shown that the probability 
of fatigue failure fP  (for the considered service period) is given by (Hong et al. 2010a), 
( )RβΦ −=fP , (2.23) 
where, 
( )( )
( )( )
( )( )( )22D022
D0
3
T
R 11ln/
11
)E(21γ/lnβ A
A
A vv
vv
SNv
′
′
′ ++








++
−
= , (2.24) 
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Φ(•) represents the standard normal cumulative distribution function, and βR is known as the 
reliability index.  )( 3T SNE  for a service period of 75 years is already given in Eq. (2.20) 
and is evaluated in the following section using simulation technique for given values of Up 
and vU. 
2.3.3  Results and implication 
For the selected wind condition (i.e., Up and vU) and dynamic characteristics of the 
structure (i.e., ξ and fn), typical values of βR estimated by using Eq. (2.24) for gSR = 2.8 are 
shown in Figure 2.8 for detail category D (see Table 2.4) and by using the Kaimal spectrum.  
The consideration of category D is justified since detail categories that most commonly apply 
to connections found in overhead highway sign support and luminaire support structures are 
D , E and E1 (Foley et al. 2004).  The figure shows that the reliability index varies widely 
and depends on ξ.  This significant variation can be explained by noting that ( )τ31 Ry~NE  
shown in Figure 2.8 depends highly on ξ, especially for ζn greater than about 1.0 (see Eq. 
(2.16)).  For ξ < 0.2%, the reliability index is much lower than the target reliability index (for 
a service period of 75 years) βT75 = 3.5 which is used to calibrate wind load factor for bridge 
design (i.e., failure probability of about 2.3×10-4 for a service period of 75 years) (Hong et al. 
2010b).  βR is about 4.0 for ξ = 0.5%, U0.01%=17 (m/s) and vU = 0.7, which is referred to as 
the base case.  For cases with ξ = 2%, βR is greater than about 6.0 (i.e., failure probability for 
a service period of 75 years is less than 10-9.  Therefore, in general and strictly speaking, the 
so called “infinite life” approach as implemented in the AASHTO (2001) does not ensure 
infinite life (if this is so, βR must tend to infinity).  The results in Figure 2.8 also show that βR 
is sensitive to vU and Up.  This indicates that the adoption of Up with p = 0.01% for locations 
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with different vU values is inadequate for fatigue design, and an alternative value of p needs 
to the considered for the code development. 
To achieve reliability-consistency and overcome the significant variation of βR with ξ and 
vU, it is noted that the ( )τ31 Ry~NE  is highly influenced by ξ as shown in Eq. (2.16), and that 
3/1
ξR  can be approximated by ξ/005.0  (even though (0.0054/ξ)
0.49 gives better results but is 
less attractive).  By considering this influence, we modify the design requirement shown in 
Eq. (2.18) such that, 
srtpDSR FUCgC ≤





ρ×
ξ
× 2
2
1005.0
, (2.25) 
 
In other words, the fatigue design equivalent static wind pressure is defined by 
2//005.0 2pDSR UCg ρ×ξ . 
A target reliability index of 4.25 is considered to calibrate gSR (Madsen et al. 2006, CSA 
2011).  This takes into account that βT75 = 3.5 is used to calibrate the CHBDC wind load for 
the ultimate limit state (Hong et al. 2010b); βR equal to about 4 is implied for the base case 
by using the AASHTO (2001) as shown in Figure 2.9; and an increased reliability for fatigue 
details is warranted since the ratio of the cost of the fatigue details to the overall construction 
cost is small.  Based on this consideration, and repeating the analysis carried out for Figure 
2.9 but using different p for Up and adjusting gSR, it was observed that the use of p = 0.5% 
leads to significantly improve reliability-consistency.  In particular, if gSR = 6.5 and p = 0.5% 
are considered, the obtained βR is shown in Figure 2.10.  The figure indicates that βR for the 
base case and fn > 1 (Hz) is about 4.3.  In all cases, the estimated βR for fn > 1.0 is within 3.2 
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to 4.8, and βR increases as fn decreases.  This range is much narrower than that shown in 
Figure 2.9, obtained by using the current AASHTO requirement. 
 
 
 
 
 
Figure 2.9  Reliability index for a service period of 75 years and gSR = 2.8 considering 
different U0.01% and vU values, and the Kaimal spectrum. 
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Figure 2.10  Reliability index for a service period of 75 years based on design requirement 
shown in Eq. (2.25) with U0.5%, gSR = 6.5 and the Kaimal spectrum. 
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Additional analysis results indicate that if gSR = 6.0 instead of 6.5 is considered, βR 
equals about 3.8 for the base case and fn greater than 1 (Hz).  In fact, the use of gSR = 6.0 and 
U0.5% for the base case leads to identical fatigue design wind pressure ( )2/2pDSR UCCg ρ×  that 
is obtained by using gSR = 2.8 and U0.01% (i.e., current AASHTO approach) since the ratio of 
U0.01% to U0.5% equals 1.46(for vU = 0.7).  However, the consideration of gSR = 6.0 is less 
preferred than gSR = 6.5 because the former could lead to βR lower than 2.8 for some of the 
cases considered in Figure 2.10. 
For comparison purpose, the fatigue design pressure based on Eq. (2.25) for gSR = 6.5 are 
shown in Table 2.5 for a few select cases.  The table indicates that the estimated equivalent 
static fatigue design pressure for the base case is similar to that shown in Table 2.3 for U0.01% 
= 17 (m/s) and vU = 0.7.  However, the design pressure shown in Table 2.5 changes 
significantly by varying the damping ratio and the statistics of the climatic condition (i.e., vU).  
This is not the case if the fatigue design wind pressure in AASHTO is used. 
 
Table 2.5  Equivalent static fatigue design wind pressure (Pa) according to Eq. (2.25) for a 
few selected cases considering CD = 1 (values of U0.5% is calculated based on U0.01%, vU, and 
as a Weibull variate). 
Coefficient of 
variation of U vU = 0.5 vU = 0.7 vU = 0.9 
U0.01% (m/s) 10 17 20 10 17 20 10 17 20 
U0.5% (m/s) 7.7 13.1 15.4 6.8 11.6 13.7 6.1 10.3 12.2 
ξ =0.1% 555 1604 2221 439 1267 1754 348 1005 1391 
ξ =0.5% 248 718 993 196 567 784 156 450 622 
ξ = 2% 124 359 497 98 283 392 78 225 311 
 
To complete the reliability analysis, we reconsider the design requirement shown in Eq. 
(2.18) but using the Davenport spectrum instead of the Kaimal spectrum.  Since the trends of 
the results obtained by using the Davenport spectrum are similar to those by using the 
  
37 
 
Kaimal spectrum, we only shown βR in Figure 2.11 for a few cases corresponding to those 
shown in Figure 2.9b by using the Kaimal spectrum.  Comparison of the results shown in 
Figure 2.11 to those shown in Figure 2.9b indicates that the βR values obtained by using the 
Davenport spectrum are greater than those obtained by using the Kaimal spectrum.  In 
particular, for the based case and fn > 1 (Hz), βR is about 5.5 for the Davenport spectrum and 
about 4 for the Kaimal spectrum.  These large differences are due to the differences in 
( )τRy~NE 31  by using the two PSD functions, which is shown in Figure 2.8 and discussed 
earlier. 
If the fatigue design requirement shown in Eq. (2.25) and gSR = 6.5 are considered, the 
results parallel to those shown in Figure 2.10 are presented in Figure 2.12 by using the 
Davenport spectrum.  The figure indicates that βR for fn > 1(Hz) is within 4.7 and 6.5, and is 
much narrower than that shown in Figure 2.11.  βR for the base case is about 6.0.  Additional 
analysis is carried out by using gSR = 6.0 instead of 6.5.  This resulted in βR ranging from 4.2 
and 6.0, and about 5.5 for the base case. 
 
 
 
Figure 2.11  Reliability index for a service period of 75 years based on design requirement 
shown in Eq. (2.18) with U0.01% = 17 (m/s), vU = 0.7, gSR = 6.5 and the 
Davenport spectrum. 
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Figure 2.12  Reliability index for a service period of 75 years based on design requirement 
shown in Eq. (2.25) with U0.5%, gSR = 6.5, and Davenport’s spectrum. 
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detail category E plus 1.  Therefore, the recommended value of gSR from the results shown in 
Figures 2.9 to 2.12 is conservative for detail categories E and E1. 
Base on the above, it is recommended that Eq. (2.25) with gSR = 6.5 and U0.5% is to be used 
as the fatigue design wind pressure for the support structures.  The use of gSR = 6.5 and U0.5% 
is aimed at achieving a target reliability index of about 4.25 if the Kaimal spectrum is 
adopted.  If the target reliability index is reduced to 4.0, gSR = 6.0 can be used.  The 
consideration of gSR = 6.5 is conservative if the Davenport spectrum is considered.  In such a 
case, the use of gSR = 6.5 and 6 corresponds to a target reliability of about 6, and 5.5, 
respectively.  
Finally, the reliability analysis carried out for Figures 2.9 to 2.11 is repeated by 
replacing the design pressure 2//005.0 2pDSR UCg ρ×ξ  in Eq. (2.25) with ESRqg  (i.e., 
( ) 2/,~2 nyupDSR IUCg ζξσρ ) that is suggested by Hosch and Fouad (2009).  The obtained results 
indicate that the use of this design format leads to a much wider range of βR values, and that 
βR increases significantly with decreasing fn.  The inadequacy of using ESRqg  for fatigue 
design to achieve reliability consistency can be explained by noting that the use of ESRqg  
alone does not take into account the stress cycles, which equals 3600ζn for (τ =3600) and is 
important for fatigue design. 
2.4  Reliability estimation for fatigue design and selection of design pressure 
This study is focused on the reliability of fatigue of the support structures under natural 
wind gusts.  For the analysis, statistics of both the wind and the stress range are required.  
The analysis of the wind records from several weather stations indicates that the hourly-mean 
wind speed U is adequately modeled as a Weibull variate with the coefficient of variation of 
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U, vU, within 0.5 to 0.9.  Also, based on available statistics of the annual maximum hourly-
mean wind speed, UAH, a map of (1-0.05%)-quantile of the hourly-mean wind speed, U0.5%, 
for Canada is presented.  The map is required for estimating the recommended fatigue design 
wind pressure. 
In developing the AASHTO fatigue wind load for the support structures, one of the 
assumptions is that the response due to natural wind gusts can be thought as a constant 
amplitude sinusoid with stress range equals 22  times the RMS of the stress caused by the 
fluctuating wind load.  The analysis carried out shows that this assumption is inadequate, and 
that the stress range can be modeled as a Weibull variate. 
The reliability analysis results indicate that the application of the fatigue wind load 
recommended in the AASHTO (2001) results in a widely varying reliability index.  This 
variation depends on both statistics of wind climate (i.e., coefficient of variation of wind 
speed, vU) and the damping ratio ξ.  The analysis results also show that the reliability index 
depends on whether the Kaimal or Davenport power spectral density function is employed.  
By taking vU and ξ into account, a new fatigue design wind pressure requirement presented in 
Eq. (2.25) with gSR = 6.5 and Up = U0.5% is recommended for a target reliability index of 4.25 
for a service period of 75 years.  gSR = 6.5 can be replaced by 6.0 if a lower target reliability 
index is warranted.  The recommended requirement considers the conservatism in using the 
Kaimal spectrum instead of the Davenport spectrum, and that the reliability index for detail 
categories E and E1 are greater than that for detail category D. 
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Chapter 3  Estimating fatigue design load for overhead sign support structures under 
truck-induced wind gusts 
3.1  Introduction 
Fatigue failure of traffic signal, and sign support structures is attributed to galloping, 
vortex shedding, natural wind gusts and/or truck-induced wind gusts (Kaczinski et al. 1998, 
Chen 2001, Letchford and Cruzado 2008).  The consideration of the truck-induced wind 
(gust) pressure applied in the vertical direction is recommended in AASHTO (2001, 2009) 
for fatigue design.  However, the truck-induced wind pressure is not discussed in the 
Canadian Highway Bridge Design Code (CHBDC) (CAN/CSA-S6-06 2006) for the fatigue 
design of overhead sign and signal support structures. 
The experimental studies of the truck-induced wind gust pressure were carried out by 
Creamer et al. (1979), Edwards and Bingham (1984), Cook et al. (1996, 1997) and John and 
Dexter (1998).  These studies were reviewed by Ginal (2003) and Foley et al. (2004).  
Creamer et al. (1979), Edwards and Bingham (1984), and Cook et al. (1996) recorded a 
similar magnitude of the peak pressure due to truck traffic for trucks traveling at similar 
speed.  The study by Creamer et al. (1979) investigated the truck-induced pressure loading on 
sign support structures by placing the strain gauges on cantilevered overhead sign support 
structures.  Structural responses induced by the travelling trucks were recorded and used to 
develop a truck-induced triangular impulse loading function.  Edwards and Bingham (1984) 
instrumented a cantilevered sign support structure with both hot film anemometer patches 
and strain gauges.  The measured truck-induced wind velocity was employed to estimate the 
maximum truck-induced wind pressure; the strain time history was employed to estimate the 
maximum stress range.  No pressure duration or impulse loading function was recommended.  
The study by Cook et al. (1996) was extensive; they instrumented pressure transducers to a 
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bridge overpass to assess the truck-induced wind pressure by considering the highway 
overhead variable message sign (VMS), which has a large surface area parallel and 
perpendicular to traffic.  Pressures induced by trucks passing the bridge sign structure were 
measured.  Time histories of the truck-induced wind pressures were recorded at different 
heights and for different truck speeds.  It was shown that the power spectral density function 
of the pressure time history peaks around 0.6 Hz and 1.6 Hz.  Their study indicated that truck 
traffic induces both positive and negative pressure pulses, and the magnitude of the pressure 
decreases with increasing height.  The decrease for each foot (0.3048 m) of the elevation 
over 17 feet above ground level is 9% for the positive pressure and 18% for the negative 
pressure if the horizontal pressure is considered;  these values become 14% and 3% for the 
vertical pressure.  Since the sample size is small, it is considered a decrease of 10% per each 
foot of the elevation over 17 feet above ground level for positive or negative pressure may be 
considered (Cook et al. 1997, Fouad and Hosch 2011).  The study carried out by John and 
Dexter (1998) indicated that there is significant uncertainty in the truck-induced wind 
pressure estimated by using their instrumentation (i.e., pitot-tubes) due to turbulence induced 
by the traveling truck, and that the truck traffic induces suction, which confirmed the finding 
by Cook et al. (1996).  Although John and Dexter (1998) did not suggest an impulse loading 
function for the truck-induced wind pressure, they indicated that the truck-induced wind 
pressure to the front of the structure (i.e., horizontal loading) can be neglected for the fatigue 
design. 
Note that Cook et al. (1996) measured both the horizontal and vertical components of 
truck-induced wind pressure.  The current AASHTO (2009) does not consider the horizontal 
component of the pressure.  This may be due to the consideration that the fatigue design in 
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the horizontal direction is governed by natural wind gusts in the direction of the traffic rather 
than the truck-induced wind gusts.  Note also that Ginal (2003) (see also Foley et al. 2004) 
used the experimental results obtained by Cook et al. (1996) to develop the truck-induced 
impulse loading function for a single truck speed, which is represented by a single-cycle with 
double-triangle: one for positive pressure and the other for suction. 
Hosch and Fouad (2010) and Fouad and Hosch (2011) used the same approach described 
in Ginal (2003) and developed a series of truck-induced impulse loading functions for a 
range of truck velocities.  They considered that the overhead sign support structure can be 
modeled as a single-degree-of-freedom (SDOF) system and that the maximum stress range 
(or equivalent pressure range) caused by the truck-induced impulse loading can be used as 
the basis to define an equivalent static truck-induced wind pressure for fatigue design.  They 
pointed out that such a development was necessary because: 
1) The recommendation in the standard (AASHTO 2001, 2009) was based on the results 
reported in NCHRP Report 412 (Kaczinski et al. 1998, DeSantis and Haig 1996) and in 
NCHRP Report 469 (Dexter and Ricker 2002); and 
2) The results in the NCHRP Report 412, which were based on a single cantilever-type 
highway overhead VMS structure, may not be extrapolated for structures having different 
characteristics such as the natural vibration frequency and damping ratio. 
Furthermore, none of the above mentioned studies discussed the implied reliability by 
using the recommended equivalent static truck-induced wind pressure for fatigue design. 
One of the main objectives of this study was to develop recommendations on the 
equivalent static truck-induced pressure for fatigue design that could be implemented in the 
CHBDC.  The developed equivalent static truck-induced pressure for fatigue design must 
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consider the dynamic characteristics of overhead sign support structures.  It should be 
calibrated or justified based on selected target reliability index (Madsen et al. 2006, CSA 
2011), and be simple to use for design checking.  For the estimation of the truck-induced 
structural vibration, similar to Hosch and Fouad (2010), the overhead sign support structure 
was modeled as a SDOF system and the impulse loading function was represented by a 
single-cycle with double-triangle. It was shown that the impulse loading function for 
different truck speeds can be standardized and the structural responses can be expressed in 
terms of a reduced vibration frequency, which facilitates its use.  Characteristics of the stress 
range were also investigated.  Details were explained in the next section.  This was followed 
by fatigue reliability analysis, and the calibration of the equivalent static truck-induced 
pressure for fatigue design. 
3.2  Truck-induced pressure and responses 
Full-scale tests were carried out by Cook et al. (1996).  They considered that the design 
pressure equals the mean of truck-induced pressure times Pv×α+1 , where vP is the 
coefficient of variation (cov) of the truck-induced pressure, and α = 2.1 is based on a 90% 
confidence level that 95 percent of the actual absolute value of pressure is below the chosen 
design value.  If the peak pressure was assumed to be normally distributed, the use of α = 2.1 
is equivalent to state that the design pressure corresponds to an exceedance probability of 
1.79%.  The statistics indicate that the cov value equals about 0.25 for positive pressure and 
about 0.5 for negative pressure. 
Ginal (2003) and Foley et al. (2004) developed an impulse loading function based on the 
full-scale test results presented in Cook et al. (1996).  Hosch and Fouad (2010) further 
assessed this impulse function considering a range of truck velocities.  The assessment 
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considered that the function is “representative of the exposure environment from truck gusts 
defined at 90% confidence level that the actual maximum absolute value of pressure and 
impulse duration will be equal to or below that of the control at least 95% of the time”.  This 
is consistent with the criterion adopted by Cook et al. (1996) to select the design pressure.  
The suggested loading function by Hosch and Fouad (2010) is shown in Figure 3.1a for the 
vertical pressure. 
 
a)  Truck-induced impulse time history in the vertical direction 
 
 
b)  Standardized pressure function 
Figure 3.1  Truck-induced wind pressure: a)  Truck-induced impulse time history in the 
vertical direction,  b)  Standardized pressure function. 
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By analysing the impulse loading function shown in Figure 3.1a, it can be concluded that 
the length that the trucks with selected speeds travel for corresponding durations is 25m.  By 
using this relationship, the loading function, p(τ) (Pa), can be normalized as, 
)()( 0
2 τ=τ pVCp V , (3.1) 
where, 






≤τ<−τ×+−
≤τ<−τ×−
≤ττ
=τ
otherwise
p
0
13/2)3/2(31
3/23/1)3/1(61
3/13
)(0 , (3.2) 
and CV is a coefficient, V is the truck velocity (m/s), τ = Vt/L represents the nondimensional 
time scale, L equals 25 m.  CV controls the peak of the impulse and is uncertain.  In particular, 
if CV takes the value of 0.074 which is referred to as CV0, Eqs. (3.1) and (3.2) give the 
pressure as shown in Figure 3.1b that matches the truck-induced pressure shown in Figure 
3.1a.  Similarly, based on the suggested impulse loading functions for the direction parallel to 
the truck traffic (Fouad and Hosch 2011), it can be shown that Eqs. (3.1) and (3.2) are still 
applicable except that CV is replaced by CH and CV0 is replaced by CH0, that equals 0.103.   
Since the magnitude of the applied pressure varies with height (Cook et al. 1996, 1997), 
AASHTO (2001) recommended that the full pressure should be applied for heights up to and 
including 6 m, and then linearly reduced for height above 6 m to a value of zero at 10 m.  
This variation in pressure with height is conservative, and could be considered applicable to 
horizontal pressure as well because full-scale test results (Cook et al. 1997) showed that the 
vertical and horizontal pressure variations with height are similar.  Moreover, the pressure is 
to be applied to a width of 3.7 m.  These criteria were considered throughout this study (i.e., 
the pressure defined by Eq (3.1) needs to be scaled by the height criterion and applied only to 
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3.7 m). 
Since, according to the previous discussion, CV0 = 0.074 or CH0 = 0.103 were estimated 
based on the exceedance probability of 1.79%, this implied that the normally distributed CV 
and CH have means, denoted by mCV and mCH, equal to ( )Pv1.21/074.0 +  and 
( )Pv1.21/103.0 + , respectively.  This probabilistic model was used in reliability analysis in 
the next section. 
By considering that the overhead sign support structure can be modeled as a SDOF system 
with natural vibration frequency fn and damping ratio ξ, the governing equation for the 
displacement of the system u is, 
( ) ( ) ( ) )(2222 222
2
τπζ=πζ+
τ
πζξ+
τ
p
k
ACu
d
du
d
ud
n
D
nn , (3.3) 
where A is the projected area of the structure perpendicular to the (vertical or horizontal) 
direction of excitation, k is the stiffness, CD is the drag coefficient and VfVLf nnn /25/ ==ζ  
is the reduced natural frequency of vibration.  The response u(τ) can be estimated by solving 
Eq. (3.3) using Newmark method and its range can be estimated by applying the rainflow 
algorithm (Downing and Socie 1982).  An illustration of the time history of u(τ) was 
presented in Figure 3.2 for several selected values of ζn and ξ, where the ordinate of the 
figure denotes normalized response ( )τu~  defined as ( )kVCACu VD //)( 2τ , which only 
depends on ζn, ξ and )(0 τp .   
The figure showed that the range of the responses is insensitive to ξ for the first few 
cycles.  It also showed that the time histories of )(~ τu  for ζn = 0.5 and 1 have regular and 
identifiable vibration cycles and range, and the largest range is defined by the difference 
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between the max( )(~ τu ) and min( )(~ τu ).  However, this is not the case for ζn = 5  
 
a) Response for ζn = 0.5 
 
b) Response for ζn = 1 
 
c) Response for ζn = 5 
Figure 3.2  Normalized response )(~ τu  and response range for selected values of ζn and ξ: 
a) Response for ζn = 0.5,  b) Response for ζn = 1, and c) Response for ζn = 5. 
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since there are two cycles between the max( )(~ τu ) and min( )(~ τu ).  This indicated that the use 
of the difference between the max( )(~ τu ) and min( )(~ τu ) to define the maximum range is 
inadequate for some values of ζn, and the rainflow algorithm should be used instead. 
Since a linear elastic system was considered, the stress time history, s(τ), can be expressed 
as Cku(τ), the range of s(τ) equals the range of u(τ) multiplying Ck, where C is an analysis 
factor transforming the force to stress.  In other words, s(τ) is given by, )(~ τu  
( ) )(~)( 2 τ=τ uVCCACs VD , (3.4) 
and the stress range S and stress cycles N1 for a single truck passing under the sign structure 
can be estimated by applying the rainflow algorithm to s(τ).  The maximum stress amplitude 
or stress range, Smax(= max(S)) obtained in such a manner was shown in Figure 3.3 for typical 
ranges of ζn and ξ for highway sign support structures, where the vertical axis represents Smax 
normalized with respect to CACDCVV2.  Since, by definition, the equivalent static pressure 
that is required to produce stress range Smax, QE, satisfies, 
( ) ED QCACS =max , (3.5) 
the vertical axis in Figure 3.3 also represents the normalized equivalent static pressure 
coefficient ( )2/),( VCQq VEnE =ξζ .  It must be emphasized that this estimate of QE differs 
from that reported by Hosch and Fouad (2010), especially for ζn greater than about 3 (e.g., 
for V = 25 (m/s) and fn greater than 3 (Hz)). This is because they calculated QE using the 
difference between the maximum and minimum of u(τ), and used the solution under support 
excitation (see their equation 3.1 and the corresponding reference) rather than the pressure 
acted on the mass of the SDOF system.  
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Figure 3.3  Normalized equivalent static pressure coefficient ),( ξζnEq  that is equal to 
normalized stress range (If the vertical pressure is of interest, ( )2),( VCqQ VnEE ξζ= , if the 
horizontal pressure is of interest, ( )2),( VCqQ HnEE ξζ= ). 
 
Since )(~ τu  only depends on ζn and ξ, and )(0 τp  is the same for the truck-induced 
pressure in the vertical and horizontal directions, Figure 3.3 is also applicable to the 
responses caused by the truck-induced horizontal pressure, except in such a case the vertical 
axis represents Smax/(CACDCHV2) or ( )2/),( VCQq HEnE =ξζ , and Smax and QE are the stress 
range and pressure range due to horizontal pressure, respectively. 
Note that the truck-induced wind pressure equal to 900CDIF (Pa) was recommended in the 
AASHTO (2009) for the vertical direction, where IF is the importance factor.  Hosch and 
Fouad (2010) suggested using ),( ξζnEq  directly to estimate the equivalent static truck-
induced wind pressure for fatigue design - a suggestion that did not take into account the 
differences in the magnitude of stress ranges and stress cycle.  If this suggestion is adopted, 
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and the results shown in Figure 3.3 and CV = CV0 (i.e., 0.074) are used, the estimated QE for 
a structure with ζn = 1.3 and ξ = 2% equals 492CD, 420CD and 353CD (Pa), for the truck 
velocity V equal to 36.11, 33.33 and 30.56 (m/s) (i.e., 130, 120 and 110 km/h, and the 
corresponding fn =1.88, 1.73 and 1.59 Hz), respectively.  These values are 55%, 47% and 39% 
of the value recommended by the AASHTO (2009).  The implication of using the 
ASSHTO’s recommendation in reliability index is discussed in the following sections. 
3.3  Reliability analysis for the truck-induced wind pressure 
3.3.1  Design consideration and reliability analysis for truck-induced wind pressure 
Before selecting the truck-induced wind pressure for fatigue design, we noted that in 
deriving the recommendation for the fatigue design wind load in the AASHTO (2001), the 
"infinite-life" approach (i.e., 0.01% or fewer cycles exceeding the constant-amplitude fatigue 
limit (CAFL)) is considered (Kaczinski et al. 1998, Johns and Dexter 1998).  The CAFL, Fsrt, 
according to the CHBDC (CAN/CSA-S6-06 2006), was shown in Table 3.1 for different 
connection details. 
For the moment, consider the truck-induced wind pressure in the vertical direction.  To 
calibrate the (equivalent static) truck-induced wind pressure for fatigue design, 2LTDD VCC , 
consider that the design requirement is such that, 
( ) srt2 FVCCAC LTDD ≤× , (3.6) 
where CTD is the coefficient to be calibrated, VL is the legal speed limit for trucks.  By taking 
the equality in Eq. (3.6) results in ( )2srt LTDD VCACFC = .  Substituting this into Eq. (3.4), the 
resulting equation is, 
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which effectively provides the equation to calculate the time history of stress range of a 
structure designed to satisfy the minimum fatigue design requirement shown in Eq. (3.6). 
To carry out the reliability-based calibration of CTD, it is noted that the S-N curve was 
implemented in design codes (AASHTO 1996, CSA 2006).  The use of the S-N curve and 
Miner’s rule results in that the fatigue limit state function Z can be expressed as, 
( ) ( )( )A/SNEDZ BT0 ′−= lnln , (3.8) 
where Z less than zero indicates failure, and D0 is a variable defining the allowable 
cumulative damage or the fatigue capacity of the structural component, NT is the total 
number of stress cycles to failure for variable stress range, A’ and B are the fatigue-strength 
coefficient and exponent to be determined based on experimental results. 
Variables in Eq. (3.8) can be random.  D0 is uncertain because the experimental results 
suggest that its typical value ranges from 0.5 to 2.0 (Sobczyk and Spencer 1992); it can be 
modelled as a lognormal variate with a mean of 1.0 and cov of D0, vD0, of 0.3 (Wirsching 
1984).  The fatigue-strength exponent B can be treated as a deterministic variable, since it is 
relatively consistent and is considered to have a value of 3.0 (AASHTO 1996, CAN/CSA-
S6-06 2006).  The fatigue strength coefficient A’ was modelled as a lognormal variate by 
Zhao et al. (1994); the cov of A’, vA’, equal to 0.45 was considered by Wirsching et al. (1987).  
Moreover, the fatigue strength curves presented in the AASHTO (1996) specification are 
based on the mean minus two standard deviations (Fisher at al. 1997).  This means that the 
design value of A’, denoted by γ shown in Table 3.1, is related to the mean value of A’, mA’, 
(i.e., ( )AA vγ/m ′′ −= 21 ).  Based on these considerations, it can be shown that the fatigue 
  
57 
 
failure probability fP  (for the considered service period) is given by (Hong et al. 2010a), 
( )RfP β−Φ= , (3.9) 
where, 
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= , (3.10) 
Φ(•) represents the standard normal cumulative distribution function, and βR is known as the 
reliability index.   
Table 3.1 Fatigue life constant and constant amplitude threshold stress range (i.e., Constant 
amplitude fatigue limit (CAFL)) (CAN/CSA-S6-00 2000). 
Detail category Fatigue life constant,  γ  (CAFL), Fsrt, (MPa) 
A 8190×109 165 
B 3930×109 110 
B1 2000×109 83 
C 1440×109 69 
C1 1440×109 83 
D 721×109 48 
E 361×109 31 
E1 128×109 18 
M164 561×109 214 
M253 1030×109 262 
 
For design code calibration purposes, a target reliability index is often selected (Madsen et 
al. 2006).  The target reliability index for a service period of 75 years, βT75, equal to 3.5 was 
employed to calibrate the design wind load for the CHBDC (CAN/CSA-S6-06 2006, Hong et 
al. 2010b).  Since the infinite-life approach was considered to develop the fatigue design 
wind load in the AASHTO (Kaczinski et al. 1998, Johns and Dexter 1998), its use for fatigue 
design was aimed at achieving a βR that is much greater than βT75 = 3.5.  Based on this 
consideration and a typical case examined by Kaczinski et al. (1998), Hong et al. (2013) 
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considered βT75 = 4.25 to calibrate the fatigue design wind load for the CHBDC.  Therefore, 
βT75 = 4.25 was used to calibrate CTD (i.e., equivalent static fatigue design truck-induced 
pressure coefficient) in the following.  In some cases, βT75 = 4 was also considered for 
parametric investigation. 
3.3.2  Calibration results 
For the calibration, the daily truck traffic statistics is required to evaluate )( 3T SNE .  The 
site-dependent statistics of the daily truck traffic is scarce.  To simplify the analysis, we note 
that the expected average daily truck traffic (ADTT) for four classes of highways were given 
in the CHBDC (CAN/CSA-S6-06 2006).  Based on the code provided information, ADTT = 
4000 per lane could be considered as a conservative assumption. This leads to that the 
expected number of truck traffic per lane for the design life of 75 years equals 1.1×108; 
)(101.1)( 31
83
T SNESNE ×= ; and a truck passes under the sign structure, on average, every 
21.6 (s).  )( 31SNE  due to a randomly selected truck for a vibration duration of 21.6 (s) and 
for S greater than Fsrt, can be estimated based on the stress time history shown in Eq. (3.7). 
Based on the above and, considering that the vertical pressure is applied to the structure at 
a height up to 6 m, vp = 0.25, the truck speed V equal to VL, and VL =110 (km/hr), values of 
CTD were calculated for βT75 = 4.25, ranges of fn and ξ and, for detail category D (see Table 
3.1).  The consideration of category D is justified since detail categories that most commonly 
apply to connections found in overhead highway sign support and luminaire support 
structures are D, E and E1 (Foley et al. 2004).  The estimated CTD was shown in Figure 3.4.  
Values of CTD for βT75 = 4 were also calculated.  Since for given fn and ξ, the difference 
between CTD for βT75 = 4 and for βT75 = 4.25 is less than 2%, the results for βT75 = 4 were not 
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presented.  Figure 3.5 showed that at fn = 1.5 (Hz) CTD = 0.438 for ξ = 0.5%, and 0.393 for ξ 
= 2%.  This indicated that the calibrated equivalent static fatigue design truck-induced 
pressure at fn = 1.5 (Hz) equals 409CD for ξ = 0.5% and 367CD for ξ = 2%.  Figure 3.4 also 
indicated that the required CTD to meet selected target reliability index decreases drastically 
as fn moves away from the natural vibration frequency corresponding to the highest CTD 
value.  If the maximum value of the calibrated CTD shown in Figure 3.4 is used, the 
equivalent static truck-induced pressure for fatigue design is 442CD (Pa), which is only about 
50% of the value recommended in the AASHTO (2009).  By using the 900CD (Pa) 
recommended in the AASHTO (2009) instead of ( ) DLTD CVC 2  shown in Eq. (3.6), the 
estimated βR from Eq. (3.10) was much greater than 8. 
 
 
 
Figure 3.4  Calibrated values of CTD for target reliability index βT75 = 4.25 and VL = 110 
(km/hr). 
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a) CTD for V = 120 (km/hr) 
 
b) CTD for V = 130 (km/hr) 
 
c) CTD for V = 140 (km/hr) 
 
Figure 3.5  Sensitivity of CTD to the actual truck velocity for βT75 = 4.25 and VL = 110 
(km/hr):  a) CTD for V = 120 (km/hr), b) CTD for V = 130 (km/hr) and c) CTD for V = 140 
(km/hr). 
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As the legal speed limit for trucks in different provinces differ, the above analysis was 
carried out again by considering VL = 100, 120, and 130 (km/hr) to investigate the influence 
of the legal speed limit for trucks on the calibrated CTD.  The results indicated that in all cases, 
the ratio of newly estimated CTD to the corresponding CTD (i.e., cases with the same ζn and ξ 
but different VL) estimated for VL = 110 (km/hr) is within 1%, at least for the CTD values of 
significance.  This implies that CTD is not very sensitive to the small variation of stress cycles 
within 21.6 (s) that is caused by the variation of truck velocity. 
To examine the influence of speeding trucks on the estimated CTD, the above analysis was 
repeated by considering V equal to 120, 130 and 140 (km/hr) and VL = 110 (km/hr).  The 
estimated CTD were shown in Figure 3.5 for βT75 = 4.25.  Comparison of the results shown in 
Figures 3.4 and 3.5 indicated that the estimated CTD shown in Figure 3.5 is almost identical to 
CTD shown in Figure 3.4 times the (V/VL)2.  This is expected since the truck-induced pressure 
is increased by (V/VL)2 for the cases shown in Figure 3.5 (see Eqs. (3.5) and (3.6)).  The 
differences between CTD shown in Figure 3.4 times the (V/VL)2 and CTD shown in Figure 3.5 
are attributed to the decreased load duration for an increased truck velocity. 
As mentioned earlier the cov of the peak pressure varies from 0.25 to 0.5.  To investigate 
the influence of the cov on the estimated CTD, the cases shown in Figure 3.4 were 
reconsidered but with the cov of CV equal to 0.375 and 0.5.  The obtained results were shown 
in Figure 3.6.  Comparison of these results with those shown in Figure 3.4 indicated that CTD 
is increased, on average, by 5% if the cov of CV is increased from 0.25 to to 0.375, and by 10% 
if the cov of CV is increased from 0.25 to 0.5. 
Therefore, based on the obtained results and as a conservative consideration, CTD given in 
Figure 3.6a (i.e., results associated with average cov of 0.375) could be adopted in specifying 
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the equivalent static truck-induced wind pressure for fatigue design.  Although this ensures 
the consistent reliability, it is not amenable to practical applications because the number of 
curves shown in the figure.  To simplify the design task, CTD for ξ = 0.005 shown in Figure 
3.6a could be adopted for code making.  This leads to the maximum value of the equivalent 
static truck-induced wind pressure for fatigue design equal to 436CD for VL = 110 (km/hr), 
which is still only 48% of that recommended by the AASHTO (2009). 
 
 
a) CTD for vp = 0.375 
 
b) CTD for vp= 0.50 
Figure 3.6  Sensitivity of CTD to the the cov of CV for βT75 = 4.25 and VL=110 (km/hr): a) 
CTD for vp = 0.375 and b) CTD for vp= 0.50. 
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The analysis carried out for the results depicted in Figures 3.4 to 3.6 is repeated but 
considering the detail categories E and E1.  In all cases, the estimated CTD for detail 
categories E and E1 are greater than those for detail category D.  Therefore, the use of the 
values CTD estimated for design checking for detail categories D, E and E1 is an acceptable 
conservative approximation, which simplifies code writing and its application.  
 
Figure 3.7  Suggested equivalent static truck-induced pressure for fatigue design for βT75 = 
4.25, and VL = 110 km. 
 
The above analysis results were obtained for the vertical excitation.  They can be directly 
scaled by 0.103/0.074 (= 1.4) and applied for the horizontal truck-induced pressure because 
the analysis procedure is identical for both excitation directions and the probabilistic model 
for CH and CV are the same except this scaling constant.  In other words, Figures 3.5 and 3.6 
are applicable for the horizontal excitations, except the vertical axis need to be multiplied by 
1.4; the curve adopted for code making for the vertical pressure can be applied to horizontal 
pressure with a scaling factor of 1.4.  This is summarized in Figure 3.7 to facilitate its use, 
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horizontal direction.  If additional simplification for the design criterion is needed, one can 
simply take the largest CTD value read from the figure. 
The calibrated horizontal pressure could be larger or smaller than that calibrated for the 
natural wind gusts, depending on the considered site, which equals (Hong et al. 2013), 
2
%5.02
1005.0 UCg DSR ρ×ξ
, (3.11) 
in which gSR is a design factor equal to 6.5, ρ is the air density which can be taken equal to 
1.2929 kg/m3 and %5.0U  is site-dependent (1-0.5%)-quantile of the hourly mean wind speed 
(m/s) ranging from 3.6 to 20.9 (m/s) with an average of 9.8 m/s for Canada.  Therefore, the 
equivalent static truck-induced horizontal wind pressure for fatigue design could govern the 
design and needs to be included in the design codes. 
It must be emphasized that similar to the AASHTO (2009) the estimated truck-induced 
vertical and horizontal pressures should be applied for heights ≤ 6 m, and then linearly 
reduced for height > 6 m to a value of zero at 10 m.  Moreover, this fatigue design pressure is 
to be applied to a width of 3.7 m. 
3.4  Conclusions 
This study assessed the stress range distribution due to truck traffic, and calibrated the 
equivalent static truck-induced pressure for fatigue design of overhead sign support structure.  
The calibration was carried out for a target reliability index of 4.25 for a service period of 75 
years.  It is concluded that: 
1) The calibrated equivalent static truck-induced vertical pressure for fatigue design 
considering a target reliability index of 4.25 for a service period of 75 years is much 
lower than that suggested in the AASHTO (2009). 
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2) The calibrated fatigue pressure, which considers the legal speed limit for trucks equal 
to 110 km/hr, is a function of vibration period.  It attends the maximum value for the 
natural vibration frequency around 1.5 (Hz); it decreases drastically as the natural 
vibration frequency moves away from that corresponding to the maximum pressure. 
3) A design curve to calculate the equivalent static truck-induced horizontal and vertical 
pressure is recommended.  If further simplification is deemed appropriate, the 
maximum value from the curve (see Figure 3.7) can be used as very conservative 
approximation.   
4) The calibrated truck-induced horizontal pressure could be larger or smaller than that 
calibrated for the site-specific natural wind gusts.  Therefore, the equivalent static 
truck-induced horizontal wind pressure for fatigue design could govern the design and 
needs to be included in the design codes. 
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 Chapter 4  Conclusions  
4.1  Summary and conclusions 
The present study focuses on the calibration of fatigue design wind pressure for support 
structure under natural wind and truck-induced wind gusts.  For the calibration the sign and 
signal support was approximated as a single-degree-of-freedom system.  Structural response 
under selected simulated natural wind and truck-induced wind were obtained; statistics of the 
stress range were estimated.  These statistics were used to estimate reliability of the support 
structures considering the AASHTO design requirements, and to calibrate the required 
fatigue design (natural or truck-induced) wind load considering fatigue limit state and for 
specified target reliability index. 
It was concluded that: 
1) The reliability analysis results indicate that the application of the fatigue wind load 
recommended in the AASHTO results in a widely varying reliability index.  This variation 
depends on both statistics of wind climate (i.e., coefficient of variation of wind speed, vU) 
and the damping ratio ξ. 
2) The analysis results also show that the reliability index depends on whether the Kaimal or 
Davenport power spectral density function is employed. 
3) By taking vU and ξ into account, a new fatigue design wind pressure requirement 
presented in Eq. (2.25) with gSR = 6.5 and Up = U0.5% is recommended for a target 
reliability index of 4.25 for a service period of 75 years.  gSR = 6.5 can be replaced by 6.0 
if a lower target reliability index is warranted.  The recommended requirement considers 
the conservatism in using the Kaimal spectrum instead of the Davenport spectrum, and 
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that the reliability index for detail categories E and E1 are greater than that for detail 
category D. 
4) The calibrated equivalent static truck-induced vertical pressure for fatigue design 
considering a target reliability index of 4.25 for a service period of 75 years is much lower 
than that suggested in the AASHTO.  A design curve to calculate the equivalent static 
truck-induced horizontal and vertical pressure is recommended.  If further simplification 
is deemed appropriate, the maximum value from the curve (see Figure 3.7) can be used as 
very conservative approximation. 
5) The equivalent static truck-induced horizontal wind pressure for fatigue design may 
govern the design and needs to be included in the design codes. 
 
4.2  Suggested future works 
This study can be extended as described below: 
1) The vortex shedding and galloping are not included in the present study.  Since they can 
also lead to fatigue failure of these support structures, they need to be investigated. 
2) Since the wind direction is not considered in this study, the analysis results provide an 
upper bound.  The degree of conservatism induced by this assumption needs to be 
investigated. 
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